Herpes simplex virus 1 (HSV-1) Us3 protein kinase phosphorylates threonine at position 887 (Thr-887) in the cytoplasmic tail of envelope glycoprotein B (gB) in infected cells. This phosphorylation downregulates cell surface expression of gB and plays a role in viral pathogenesis in the mouse herpes stromal keratitis model. In the present study, we demonstrated that Us3 phosphorylation of gB Thr-887 upregulated the accumulation of endocytosed gB from the surfaces of infected cells. We also showed that two motifs in the cytoplasmic tail of gB, tyrosine at position 889 (Tyr-889) and dileucines at positions 871 and 872, were required for efficient downregulation of gB cell surface expression and upregulation of accumulation of endocytosed gB in infected cells. A systematic analysis of mutations in these three sequences in gB suggested that the expression of gB on the surfaces of infected cells was downregulated in part by the increase in the accumulation of endocytosed gB, which was coordinately and tightly regulated by the three gB trafficking signals. Tyr-889 appeared to be of predominant importance in regulating the intracellular transport of gB and was linked to HSV-1 neurovirulence in mice following intracerebral infection. These observations support the hypothesis that HSV-1 evolved the three gB sequences for proper regulation of gB intracellular transport and that this regulation plays a critical role in diverse aspects of HSV-1 pathogenesis.
Herpes simplex virus 1 (HSV-1) envelope glycoprotein B (gB) is well conserved throughout the Herpesviridae family (36) . Like the gBs of other members of the Herpesviridae family, HSV-1 gB plays an essential role in viral entry. In HSV-1 entry into a cell, gB together with envelope glycoprotein gC mediates virus attachment by interacting with cell surface glycosaminoglycans, primarily heparan sulfate (19, 20) . Although not essential for entry, this attachment provides a stable interaction between the virion and the cell that facilitates the next entry steps (44) . These steps have been suggested to include both the binding of the envelope glycoprotein gD to one of its identified receptors and the binding of gB to one of its identified receptors (2, 15, 33, 42, 43, 45) . Subsequent fusion between the virion envelope and the host cell membrane, which requires the cooperative function of a heterodimer of HSV-1 envelope glycoproteins gH/gL, gD, a gD receptor, gB, and a gB receptor, delivers the nucleocapsid into the host cell (37, 50) . Another potential role of HSV-1 gB is to regulate the nuclear egress of nucleocapsids, during which nucleocapsids acquire primary envelopes by budding through the inner nuclear membrane into the space between the inner and outer nuclear membranes, followed by fusion with the outer nuclear membrane. In this process, gB has been proposed to be involved in promoting the fusion of the virion envelope with the outer nuclear membrane (12) .
In general, cell membrane glycoproteins are synthesized at the endoplasmic reticulum (ER) and travel through the Golgi apparatus and trans-Golgi network (TGN); a fraction of the cell membrane glycoproteins are transported to the cell surface (16) . Most enveloped viruses utilize this pathway for posttranslational modification of viral progeny envelope glycoproteins. Some viruses (e.g., human immunodeficiency virus and influenza virus) also utilize this pathway to target viral envelope glycoproteins to the cell surface in order to assemble their final envelopes (34, 38) . Although HSV-1 envelope glycoproteins are expressed on the surfaces of infected cells (8) , HSV-1 acquires its final envelope at cytoplasmic membranes, most likely at the TGN (17, 31, 46, 49) . Therefore, the biological significance of cell surface expression of HSV-1 glycoproteins remains unclear at present, although several reports have implied a potential role(s) for herpesvirus envelope glycoproteins on the cell surface (9, 28) . However, expression of HSV-1 envelope glycoproteins on the surfaces of infected cells is considered to mark those cells for the host immune response, because HSV-1 glycoproteins on the cell surface are potent inducers of the immune response (5, 6, 40, 41) . In particular, it has been reported that lysis of HSV-1-infected cells by natural killer cells correlates with expression of gB on the cell surface (5) . Therefore, HSV-1 presumably needs a mechanism to downregulate cell surface expression of its envelope glycoproteins in order to evade the host immune response. In support of this hypothesis, several HSV-1 envelope glycoproteins contain typical motifs, tyrosine-based YXX⌽ and/or dileucine motifs in their cytoplasmic tails, which have been suggested to regulate the endocytosis of envelope glycoproteins from the surfaces of infected cells (8) .
HSV-1 gB is endocytosed from the cell surface, like the gBs of other members of the Herpesviridae family, including pseudorabies virus (PRV), human cytomegalovirus (HCMV), and varicella-zoster virus (VZV) (4, 13, 18, 39) . HSV-1 gB contains two motifs in its cytoplasmic tail, tyrosine at residue 889 (Tyr-889) and dileucines at residues 871 and 872 (Di-Leu-871-872), that are involved in gB endocytosis (3, 4, 8) . It has been reported that the tyrosine-based motif in PRV gB is critical for its endocytosis in infected cells (14) . Furthermore, potential roles in intracellular trafficking have been reported for tyrosine-based and/or dileucine motifs in the gBs of other herpesviruses, including HSV-2, VZV, and rhesus rhadinovirus (11, 18, 27) . In agreement with these findings, Beitia Ortiz de Zarate et al. have reported that intracellular transport of HSV-1 gB is regulated differently by each of the two motifs (Di-Leu-871-872 and Tyr-889) (3, 4) . However, the effects of these motifs on the regulation of gB intracellular transport, proper localization and accumulation of gB in infected cells, and HSV-1 pathogenesis in vivo remain largely unknown. We recently identified an additional site in the cytoplasmic tail of gB that is involved in the regulation of the intracellular transport of gB: a viral serine/threonine protein kinase, Us3, phosphorylates gB threonine at position 887 (Thr-887) in infected cells, and this phosphorylation downregulates the expression of gB on the cell surface (24) . Unlike Tyr-889 and Di-Leu-871-872, Thr-887 is not conserved in the gB homologs of other alphaherpesviruses, including HSV-2, VZV, and PRV (8, 24) . Us3 phosphorylation of gB Thr-887 has also been suggested to be involved in regulation of the fusion of the virion envelope with the cell's outer nuclear membrane during nuclear egress of nucleocapsids (53) . Also, an amino acid replacement of gB Thr-887 significantly reduced viral replication and pathogenesis in a mouse herpes stromal keratitis (HSK) model (22) , suggesting that Us3 phosphorylation of gB Thr-887 and, probably, its effects in cell cultures, including downregulation of gB cell surface expression and promotion of nuclear egress of nucleocapsids, are critical for HSV-1 infection in vivo. However, the mechanism by which Us3 phosphorylation of gB Thr-887 regulates gB cell surface expression and the relationship of the function of this phosphorylation with those of the tyrosine and dileucine motifs in gB remain to be elucidated.
In the present study, we focused on the three sequences (Di-Leu-871-872, Thr-887, and Tyr-889) in gB and examined the effects of systematic amino acid replacements of these residues on gB cell surface expression, gB intracellular transport, viral growth in cell cultures, and neurovirulence in mice. These studies suggested that accumulation of endocytosed gB in infected cells was coordinately regulated by all three gB sequences and that this regulation partially determined proper expression of gB on the surfaces of infected cells. We also present data suggesting that, of the three gB sequences, Tyr-889 played the most critical role in the regulation of gB intracellular transport, expression of gB on the surfaces of infected cells, and neurovirulence in mice.
MATERIALS AND METHODS

Cells and viruses.
Vero and rabbit skin cells have been described previously (47) . The HSV-1 wild-type strain HSV-1(F), recombinant virus YK511, encoding an enzymatically inactive Us3 mutant in which lysine at Us3 residue 220 was replaced with methionine (Us3-K220M), recombinant virus YK513, in which the Us3 K220M mutation in YK511 was repaired (Us3-KM-repair), recombinant virus YK551, in which threonine at gB residue 887 was replaced with alanine (gB-T887A), recombinant virus YK553, in which the gB T887A mutation in YK551 was repaired (gB-TA-repair), recombinant virus YK555, in which threonine at gB residue 887 was replaced with aspartic acid (gB-T887D), and recombinant virus YK557, in which the gB T887D mutation in YK555 was repaired (gB-TD-repair), have been described previously (24) .
Recombinant viruses YK563, YK567, and YK571 ( Fig. 1 ), containing gB with alanine substitutions for Tyr-889 (gB-Y889A), Thr-887 and Tyr-889 (gB-T887A/ Y889A), and Di-Leu-871-872 (gB-LL871-872AA), respectively, were generated by the two-step Red-mediated mutagenesis procedure using Escherichia coli GS1783 containing pYEbac102 and the primers listed in Table 1 as described previously (25) . Recombinant viruses YK575, YK579, and YK583 ( Fig. 1 ), containing gB with alanine substitutions for Di-Leu-871-872 and Thr-887 (gB-LL871-872AA/T887A), Di-Leu-871-872 and Tyr-889 (gB-LL871-872AA/ Y889A), and Di-Leu-871-872, Thr-887, and Tyr-889 (gB-LL871-872AA/T887A/ Y887A), respectively, were generated as described above but with E. coli containing the YK571 genome and with the primers listed in Table 1 . Recombinant viruses YK565, YK569, and YK573, in which the gB Y889A, gB T887A Y889A, and gB LL871-872AA mutations in YK563, YK567, and YK571, respectively, were repaired, were generated with the primers listed in Table 1 as described previously (25) . Recombinant virus YK577, in which the gB LL871-872AA T887A mutation in YK575 was repaired, was generated as described above except that the gB T887A and gB LL871-872AA mutations in the YK575 genome were sequentially repaired in E. coli using the primers listed in Table 1 . Similarly, recombinant viruses YK581 and YK585, in which the gB LL871-872AA Y889A and gB LL871-872AA T887A Y887A mutations in YK579 and YK583, respectively, were repaired, were generated using the primers listed in Table 1 . Recombinant virus YK587 (Fig. 1 ), containing gB with aspartic acid and alanine substitutions for Thr-887 and Tyr-889, respectively (gB-T887D/Y889A), was generated with the primers listed in Table 1 as described previously (25) .
Antibodies. Mouse monoclonal antibodies to gB (H1817) and VP5 (3B6) were purchased from Virusys. A monoclonal antibody against the phospho-protein kinase A (phospho-PKA) substrate (100G7), horseradish peroxidase (HRP)-conjugated streptavidin, and streptavidin agarose were purchased from Cell Signaling Technology, Invitrogen, and Novagen, respectively. A mouse monoclonal antibody that recognizes gB with phosphorylated Thr-887 (gB-T887 P ) has been described previously (22) .
Immunoblotting. The electrophoretically separated proteins transferred to nitrocellulose or polyvinylidene difluoride (PVDF) sheets were reacted with appropriate antibodies. The final dilutions of the antibodies used were 1:5,000 for the mouse anti-gB monoclonal antibody (H1817), 1:3,000 for the mouse monoclonal antibody to gB-T887 P , and 1:1,000 for the rabbit monoclonal antibody against the phospho-PKA substrate (100G7) and the mouse anti-VP5 monoclonal antibody (3B6). To detect gB and VP5, nitrocellulose membranes were blocked with 5% skim milk in phosphate-buffered saline (PBS) containing 0.1% Tween 20 (T-PBS) for 1 h, rinsed twice, washed once for 5 min in T-PBS, and reacted for 1 h with primary antibodies in T-PBS containing 1% bovine serum albumin (BSA). The blots were then washed as before, reacted for 1 h with a 1:3,000 dilution of anti-mouse immunoglobulin G (IgG) conjugated to peroxidase (GE Healthcare) in T-PBS containing 3% skim milk, rinsed twice, washed four times, for 5 min each time, in T-PBS, and detected by using the ECL chemiluminescence reagent (GE Healthcare). To detect phosphorylated proteins, PVDF membranes were blocked with 2% BSA in T-PBS for 1 h, rinsed twice, washed once for 5 min in T-PBS, and reacted for 1 h with primary antibodies in Can Get Signal immunoreaction enhancer solution (Toyobo). The blots were then washed as before, reacted for 1 h with a 1:3,000 dilution of anti-mouse or anti-rabbit IgG conjugated to peroxidase (GE Healthcare) in Can Get Signal immunoreaction enhancer solution, rinsed twice, washed four times, for 5 min each time, in T-PBS, and detected by using the ECL chemiluminescence regent (GE Healthcare). The amount of protein in a band was quantitated using the Dolphin-Doc image capture system with Dolphin-1D software (Wealtec).
Immunofluorescence. Vero cells cultured on glass-bottom dishes were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton X-100 in PBS, blocked with PBS containing 10% human serum, rinsed once in PBS, reacted for 2 h at room temperature with a mouse monoclonal antibody to gB, rinsed three 8 .0], 0.5% NP-40, 120 mM NaCl, 50 mM NaF) containing a protease inhibitor cocktail (Sigma). Supernatants obtained after centrifugation of the cell lysates were precleared by being mixed with protein A Sepharose beads (GE Healthcare) and were reacted at 4°C for 2 h with an anti-gB or anti-gB-T887 P monoclonal antibody. Protein A Sepharose beads were then added and allowed to react for additional 1 h. Immunoprecipitates were collected by a brief centrifugation, washed extensively with lysis buffer, and analyzed by immunoblotting.
Flow cytometry. To analyze the expression of gB on the cell surface, infected adherent Vero cells were detached in PBS containing 0.02% EDTA and were washed once with PBS supplemented with 2% fetal calf serum (FCS) (washing buffer). To analyze the total expression of gB, infected Vero cells were detached as described above, fixed in 4% paraformaldehyde in PBS, and then permeabilized with 0.1% Triton X-100 in PBS. Cells with or without fixation were incubated with mouse monoclonal antibodies to gB in washing buffer on ice for 30 min. After the cells were washed with washing buffer, they were further incubated with anti-mouse IgG conjugated to Alexa Fluor 488 (Invitrogen). After the cells were washed again, they were analyzed with a FACSCalibur flow cytometer with CellQuest software (Becton Dickinson).
Purification of virions. Virions were purified as described previously (26) . Briefly, Vero cells were infected with the indicated virus at a multiplicity of infection (MOI) of 0.01 for 24 or 48 h. Cell culture supernatants were then harvested by low-speed centrifugation. The HSV-containing supernatant was centrifuged for 2 h at 22,000 rpm in an SRP28S rotor (Hitachi). The pellet was resuspended in 0.5 ml of TBSal (200 mM NaCl, 2.6 mM KCl, 10 mM Tris-HCl [pH 7.5], 20 mM MgCl 2 , 1.8 mM CaCl 2 ), layered onto a 9-ml discontinuous sucrose gradient (30%, 40%, and 50%) in TBSal, and centrifuged for 2 h at 20,000 rpm in a P40ST rotor. Aliquots of peak virion-containing fractions were pelleted by centrifugation for 2 h at 26,000 rpm in a P40ST rotor.
Cell fusion. Confluent Vero cells were grown in 35-mm-diameter plastic dishes and were infected with the indicated virus at an MOI of 0.01. At 72 h postinfection, cells were analyzed by phase microscopy.
Endocytosis of gB assayed by biotinylation in infected cells. Endocytosis of gB in infected cells was assayed as described previously (30) with minor modifications. Briefly, Vero cells were infected with the indicated virus at an MOI of 3 for 18 h, and the cells were then biotinylated for 15 min at 4°C using cleavable Sulfo-N-hydroxysuccinimide (NHS)-SS biotin (Pierce). After three washes, cells were incubated at 37°C for 0 or 4 h to allow endocytosis of the biotinylated cell surface proteins. The cells were then treated twice with freshly prepared reducing solution (15.5 mg glutathione/ml, 75 mM NaCl, 0.3% NaOH, 10% calf serum) at 4°C to remove any biotin label remaining on the proteins at the cell surface. After three washes, free SH groups were quenched with 5 mg iodoacetamide/ml in phosphate-buffered saline containing 1% bovine serum albumin. The cells were then harvested and solubilized in RIPA buffer (10 mM Tris-HCl [pH 7.4], 1% NP-40, 0.1% deoxycholate, 0.1% SDS, 150 mM NaCl, 1 mM EDTA) or NP-40 buffer (50 mM Tris-HCl [pH 8.0], 0.5% NP-40, 120 mM NaCl, 50 mM NaF). The lysates were immunoprecipitated with an anti-gB antibody, an anti-gB-T887 P antibody, or streptavidin agarose and were analyzed by immunoblotting with streptavidin-HRP or an anti-gB antibody.
Animal studies. Female ICR mice were purchased from Charles River. Threeweek-old mice were infected intracerebrally with 10 2 PFU of the indicated virus as described previously (47) . Mice were monitored daily, and mortality from 1 to 14 days postinfection was attributed to the viruses inoculated. To determine viral titers in the brains, nine mice were inoculated intracerebrally with 10 2 PFU of the indicated virus as described previously (47) . At 2 days postinfection, the mice were sacrificed, and the whole brain was removed, sonicated in 1 ml of 199 medium containing 1% FCS and antibiotics, and frozen at Ϫ80°C. Frozen samples were later thawed, and viral titers in the supernatants obtained after centrifugation of the samples were determined by standard plaque assays on Vero 
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Effect of Us3 phosphorylation of gB Thr-887 on the accumulation of endocytosed gB in infected cells. To determine the effect of Us3 phosphorylation of gB Thr-887 on the intracellular transport of gB in infected cells, Vero cells were infected with either wild-type HSV-1(F), mutant YK551 (gB-T887A), YK555 (gB-T887D), or YK511 (Us3K220M), or the corresponding repaired virus YK553 (gB-TA-repair), YK557 (gB-TD-repair), or YK513 (Us3-KM-repair), respectively, at an MOI of 3. At 18 h postinfection, infected cells were biotinylated with cleavable biotin. After an additional 4 h of incubation at 37°C to allow endocytosis of the biotinylated cell surface proteins, infected cells were treated with glutathione to remove any remaining biotin from proteins at the cell surface. The cells were then harvested, solubilized, and precipitated with streptavidin agarose, and endocytosed gB was detected by immunoblotting with an anti-gB antibody. In this assay, the level of biotinylation of gB represented the accumulation of endocytosed gB, as determined by the balance between gB endocytosis from the cell surface and recycling to the cell surface. A biotinylated gB-avidin precipitate was detected by an anti-gB antibody in a lysate of wild-type HSV-1(F)-infected cells that were incubated at 37°C for 4 h after biotinylation and were then treated with glutathione ( Fig. 2A, lane 3 ), but this precipitate was barely detectable in the lysate of wild-type HSV-1(F)-infected cells treated with glutathione immediately after biotinylation ( Fig. 2A, lane 2 ). This result indicated that specific accumulation of endocytosed gB in HSV-1-infected Vero cells was detectable in these assays and that gB was endocytosed from the surfaces of infected cells as described previously (3, 22) .
The level of intracellular accumulation of the biotinylated gB-T887A mutant from the surfaces of cells infected with YK551 (gB-T887A) was 10.6-fold less than that of biotinylated wild-type gB from the surfaces of cells infected with wild-type HSV-1(F) ( Fig. 2A , lanes 3 and 6, and B). A similar decrease was observed in cells infected with YK511, which encodes a kinase-dead mutant of Us3, the major protein kinase responsible for the phosphorylation of gB Thr-887 in infected cells (22, 24) , compared to cells infected with wild-type HSV-1(F) ( Fig. 2A, lanes 3 and 12, and B) . In contrast, accumulation of biotinylated gB-T887D, which contained a mutation predicted to mimic constitutive phosphorylation of gB at Thr-887, from the surfaces of cells infected with YK555 (gB-T887D) was significantly greater than that of biotinylated wild-type gB from the surfaces of cells infected with wild-type HSV-1(F) (Fig. 2A,  lanes 3 and 9, and B) . The increase in the intracellular accumulation of biotinylated gB-T887D over that of biotinylated wild-type gB was in agreement with the hypothesis that phosphorylation of Thr-887 is important for the accumulation of endocytosed gB, since our previous study showed that only a fraction (ϳ15%) of gB is phosphorylated in wild-type HSV-1(F)-infected cells (22) , but all gB-T887D should mimic phosphorylation at Thr-887 in YK555 (gB-T887D). Wild-type phenotypes were restored in cells infected with the repaired virus YK553 (gB-TA-repair), YK557 (gB-TD-repair), or YK513 (Us3-KM-repair) (Fig. 2C and D) . These results indicated that Us3 phosphorylation of gB Thr-887 promoted intracellular accumulation of endocytosed gB from the surfaces of infected cells. To examine directly whether phosphorylation of gB Thr-887 regulates the intracellular transport of gB in infected cells, we used an anti-gB-T887 P monoclonal antibody. We reported previously that the anti-gB-T887 P antibody specifically immunoprecipitated gB-T887 P from lysates of wild-type HSV-1(F)-infected cells, whereas an anti-gB antibody immunoprecipitated phosphorylated gB, unphosphorylated gB, and mutant gB-T887A equivalently from the lysates of infected cells (22) . Vero cells were infected with wild-type HSV-1(F), YK551 (gB-T887A), or YK553 (gB-TA-repair) and were then biotinylated, incubated at 37°C for 4 h, treated with glutathione, harvested, solubilized, and immunoprecipitated with an anti-gB or an anti-gB-T887 P antibody. Approximately equal amounts of immunoprecipitated gB for each of the antibodies, obtained as described previously (22) , were separated in denaturing gels, and endocytosed gB was detected with streptavidin. In these experiments, we used 4-fold more cell lysate for the anti-gB-T887 P antibody immunoprecipitations than for the anti-gB antibody immunoprecipitations. In agreement with our previous report that only a fraction of total gB was phosphorylated at Thr-887 in wild-type HSV-1(F)-infected Vero cells (22) , immunoprecipitates with the anti-gB-T887 P antibody from Vero cells infected with wild-type HSV-1(F) contained much more gB-T887 P than immunoprecipitates with the anti-gB antibody, and immunoprecipitates from cells infected with YK551 (gB-T887A) contained no gB-T887 P (Fig. 3A) . More of the wildtype gB that was immunoprecipitated with the anti-gB-T887 P antibody than with the anti-gB antibody was biotinylated (Fig.  3A, lanes 3 and 6, and B) . The relative amount of biotinylated gB in anti-gB-T887 P immunoprecipitates was 8.6-fold more than that in anti-gB immunoprecipitates (Fig. 3B) . Furthermore, no biotinylated gB was detected in anti-gB immunoprecipitates from cells infected with YK551 (gB-T887A) (Fig. 3A,  lane 9, and B) . In contrast, the relative amount of biotinylated gB in anti-gB immunoprecipitates from cells infected with YK553 (gB-TA-repair) was similar to that from wild-type HSV-1(F)-infected cells (Fig. 3A, lanes 3 and 12, and B) . These results further support the conclusion that Us3 phosphorylation of gB Thr-887 promoted intracellular accumulation of endocytosed gB from the surfaces of infected cells.
Characterization of recombinant viruses carrying single, double, or triple alanine substitutions in the three gB sequences (Di-Leu-871-872, Thr-887, and Tyr-889). To examine the significance and functional relationships among the three gB sequences, we constructed a series of recombinant viruses carrying single, double, or triple alanine substitutions in the gB sequences and a series of recombinant viruses in which these mutations had been repaired (Fig. 1) . Initial characterization of these mutant viruses revealed that the single, double, and triple mutations in the gB sequences had no effect on the intracellular localization of gB, as determined by immunoflu- orescence of infected Vero cells, and no effect on the sizes of plaques on infected Vero cells (data not shown).
Since Tyr-889 is near the Us3 phosphorylation site (Thr-887) (Fig. 1) , we examined whether alanine substitutions in Tyr-889 and/or Di-Leu-871-872 affected Us3 phosphorylation of gB Thr-887. Vero cells infected with wild-type HSV-1(F), recombinant viruses carrying single, double, or triple mutations in the gB sequences, or repaired viruses were lysed, immunoprecipitated with an anti-gB antibody, and analyzed by immunoblotting with an anti-phospho-PKA substrate antibody. We reported previously that the anti-phospho-PKA substrate antibody specifically recognized phosphorylated gB Thr-887 in infected cells (24) . We used the anti-phospho-PKA substrate antibody but not the anti-gB-T887 P antibody in these experiments because Tyr-889 appears to be within the epitope of the anti-gB-T887 P antibody. Thus, the anti-gB-T887 P antibody did not react with the gB-Y889A mutant, whereas the anti-phospho-PKA substrate antibody did (data not shown). As shown in Fig. 4A , the anti-phospho-PKA substrate antibody reacted with gB from cells infected with wild-type HSV-1(F) and gB mutants that did not have the T887A mutation (Fig. 4A, lanes  2, 4, 5, and 8) . However, the anti-phospho-PKA substrate antibody did not react with gB from cells infected with gB mutants with the T887A mutation (Fig. 4A, lanes 3, 6, 7 , and 9) but did react with all the repaired viruses (Fig. 4B) .
We next examined the effects of single, double, and triple mutations in the gB sequences on the incorporation of gB into progeny virions by harvesting and purifying total intracellular and extracellular virions at 48 h postinfection and analyzing them by immunoblotting with an anti-gB or anti-VP5 antibody. As shown in Fig. 4C and D, the amounts of gB in single, double, and triple mutant progeny virions were similar to that in wild-type progeny virions. Similar results were also obtained with purified virions harvested at 24 h postinfection (data not shown). These results indicated that the three gB sequences were not required for efficient packaging of gB into virions.
Beitia Ortiz de Zarate et al. have reported that the LL871-872AA mutation in gB induced syncytium formation in infected COS-7 cells (3). In agreement with that report, syncytia were observed in Vero cells infected with YK571, carrying the LL871-872AA mutation in gB (Fig. 4E) . Recombinant viruses YK575 (gB-LL871-872AA/T887A), YK579 (gB-LL871-872AA/ Y889A), and YK583 (gB-LL871-872AA/T887A/Y889A), carrying the gB-T887A and/or gB-Y889A mutation in combination with the gB-LL871-872AA mutation, induced syncytium formation in infected cells at levels similar to that for YK571 (gB-LL871-872AA) (Fig. 4E) . The wild-type phenotype was restored in cells infected with the repaired viruses (Fig. 4E) . These results indicated that the LL871-872AA mutation in gB is the only mutation of those in the gB sequences that induced syncytium formation in infected cells.
Effects of single, double, or triple mutations in the three gB sequences on the accumulation of endocytosed gB in infected cells. To investigate the contribution of each gB sequence to the regulation of gB intracellular transport, Vero cells infected with either wild-type HSV-1(F), mutant YK551 (gB-T887A), YK563 (gB-Y889A), or YK571 (gB-LL871-872AA), or the corresponding repaired virus were assayed for gB endocytosis. As shown in Fig. 5A , the T887A, Y889A, and LL871-872AA mutations in gB significantly decreased (6.0-, 18.8-, and 9.2-fold, respectively) the accumulation of endocytosed gB in infected cells, with the Y889A mutation having the most inhibitory effect. The wild-type phenotype was restored in cells infected with a repaired virus (Fig. 5B) . These results indicated that all three gB sequences were required for regulation of the accumulation of endocytosed gB but that Tyr-889 appeared to play the most critical role in this regulation.
To examine the functional relationships among the three gB sequences, the gB endocytosis assays were carried out using lanes 1 to 6) , YK551 (gB-T887A) (lanes 7 to 9), or YK553 (gB-TA-repair) (lanes 10 to 12) at an MOI of 3 were biotinylated, incubated for 0 h (lanes 1, 2, 4, 5, 7, 8, 10, and 11) or 4 h (lanes 3, 6, 9, and 12) at 37°C, harvested after treatment with glutathione (lanes 2, 3, 5, 6, 8, 9, 11, and 12) or no treatment (lanes 1, 4, 7, and 10), solubilized with the NP-40 buffer, immunoprecipitated with an anti-gB (␣-gB) (lanes 1 to 3 and 7 to 12) or anti-gB-T887 P (lanes 4 to 6) antibody, and then analyzed by immunoblotting with either streptavidin-HRP (top), an anti-gB-T887 P antibody (center), or an anti-gB monoclonal antibody (bottom). The data are representative of three independent experiments. (B) Relative amount of endocytosed gB in cells infected with wild-type HSV-1(F), YK551, or YK553. The relative amount of endocytosed gB was calculated as follows: (amount of biotinylated gB ["Biotin-gB" in panel A] in infected cells incubated for 4 h at 37°C after biotinylation and treatment with glutathione relative to amount of total gB ["Total gB" in panel A] in infected cells treated identically Ϫ amount of biotinylated gB in infected cells incubated for 0 h at 37°C after biotinylation and treatment with glutathione relative to amount of total gB in infected cells treated identically)/(amount of biotinylated gB in infected cells incubated for 0 h at 37°C after biotinylation and not treated with glutathione relative to amount of total gB in infected cells treated identically). Data are means and standard errors for three independent experiments and are expressed relative to the mean value for cells infected with wild-type HSV-1(F) and immunoprecipitated with anti-gB, which was normalized to 100.
5008
IMAI ET AL. J. VIROL.
Vero cells infected with either wild-type HSV-1(F), a recombinant virus carrying single, double, or triple mutations in the gB sequences, or the corresponding repaired virus. In agreement with the results in Fig. 5A , accumulation of the endocytosed gB-T887A mutant was significantly lower (6.6-fold) than that of wild-type gB (Fig. 5C) . Accumulation of the endocytosed gB-T887A/Y889A double mutant was decreased even more than that of the gB-T887A single mutant. However, the difference in the amount of endocytosed gB between the gB-T887A and gB-T887A/Y889A mutants (Fig. 5C ) was comparable to that between the gB-T887A and gB-Y889A mutants (Fig. 5A) . In contrast, double mutations in gB Di-Leu-871-872 and either Thr-887 or Tyr-889, as well as triple mutations in all three gB sequences, reduced the accumulation of endocytosed gB to barely detectable levels (Fig. 5C ). Wild-type levels of accumulation of endocytosed gB were restored in cells infected with the repaired viruses (Fig. 5D ). These results indicated that a double mutation of gB Di-Leu-871-872 and either gB Thr-887 or gB Tyr-889 had an additive inhibitory effect on the accumulation of endocytosed gB, but that the gB T887A Y889A double mutation did not, compared to the gB Y889A mutation.
Effects of single, double, or triple mutations in the three gB sequences on expression of gB on the surfaces of infected cells.
To examine the significance and functional relationships among the three gB sequences in the regulation of gB expression on the surfaces of infected cells, Vero cells infected with either wild-type HSV-1(F), recombinant viruses carrying single, double, or triple mutations in the gB sequences, or repaired viruses were analyzed by flow cytometry. As shown in Fig. 6 , expression of the gB-T887A, gB-LL871-872AA, or gB-Y889A mutant on the surfaces of cells infected with YK551 (gB-T887A), YK571 (gB-LL871-872AA), or YK563 (gB-Y889A) was upregulated compared to that of wild-type gB in cells infected with wild-type HSV-1(F). Among the gB mutants with single mutations, cell surface expression of the gB- Y889A mutant was significantly higher than that of the gB-T887A or gB-LL-871-872AA mutant. In addition, cell surface expression of the gB-T887A/Y889A and gB-LL871AA/Y889A double mutants and the gB-LL871AA/T887A/Y889A triple mutant was upregulated to a level similar to that of the gB-Y889A single mutant. We noted that the levels of cell surface expression of the gB single mutants were roughly inverse to their relative levels of accumulation of endocytosed gB ( Fig. 5  and 6 ). However, although double mutants with Di-Leu-871-872 and either Thr-887 or Tyr-889 showed little or no accumulation of endocytosed gB (Fig. 5 ), this double mutation had no additive effect on the cell surface expression of gB, compared to the gB-Y889A mutation (Fig. 6) . The wild-type phenotype was restored in cells infected with a repaired virus (Fig.  6 ). These results indicated that, although all three gB sequences downregulated gB expression on the surfaces of infected cells, Tyr-889 played a prominent role in this function.
Effects of single, double, or triple mutations in the three gB sequences on viral replication in cell cultures and neurovirulence in mice. Two types of experiments were carried out to examine the significance of regulation of gB intracellular transport and cell surface expression by the three gB sequences in the HSV-1 replication cycle. In the first series of experiments, we examined the effects of mutations in the three gB sequences on progeny virus production. Preliminary experiments indicated that growth curves measuring the total intracellular and extracellular viral production of recombinant viruses carrying single, double, or triple mutations in the gB sequences infecting Vero cells at an MOI of 3 were similar to those for wildtype HSV-1(F) (data not shown). Therefore, we examined the effects of these mutations in the gB sequences on viral production of extracellular and intracellular viruses in Vero cells infected at an MOI of 3. The titers of intracellular viruses with single, double, or triple mutations in gB at 12 and 24 h postinfection were similar to those of wild-type HSV-1(F) (data not shown). In addition, the titers of extracellular viruses with these mutations in gB at 24 h postinfection were similar to those of wild-type HSV-1(F) (Fig. 7B) . At 12 h postinfection, however, among viruses with a single mutation (Fig. 7A) , although the titers of extracellular YK551 (gB-T887A) and YK571 (gB-LL871-872AA) were only slightly lower than that of wild-type HSV-1(F), the titer of extracellular YK563 (gB-Y889A) was more than 10-fold lower than that of wild-type HSV-1(F) and the repaired YK565 (gB-YA-repair) virus. There were no further reductions in extracellular virus titers at FIG. 5 . Effects of single, double, and triple mutations in the three gB sequences on the accumulation of endocytosed gB in infected cells. Experiments were performed as described for Fig. 2A except that recombinant viruses carrying the single, double, or triple mutations in the gB sequences were used. The relative amount of endocytosed gB in infected cells was calculated and presented as described for Fig. 2B.   FIG. 6 . Effects of single, double, and triple mutations in the three gB sequences on the expression of gB on the surfaces of infected cells. Vero cells were either mock infected or infected with wild-type HSV-1(F), recombinant viruses carrying single, double, or triple mutations in the gB sequences, or repaired viruses at an MOI of 3. At 6 h postinfection, cell surface expression and total expression of gB in infected cells were analyzed by flow cytometry. The relative amount of expression of gB on the cell surface was calculated as follows: [(mean fluorescence intensity for gB expression on the surfaces of cells infected with the indicated virus) Ϫ (mean fluorescence intensity for gB expression on the surfaces of mock-infected cells)]/[(mean fluorescence intensity for total-gB expression in cells infected with the indicated virus) Ϫ (mean fluorescence intensity for total-gB expression in mock-infected cells)]. Data are means and standard errors for three independent experiments and are expressed relative to the mean value for wild-type HSV-1(F), which was normalized to 100. 12 h postinfection for cells infected by the YK567 (gB-T887A/ Y889A) or YK579 (gB-LL871-872AA/Y889A) double mutant compared to cells infected by YK563 (gB-Y889A). These results were reproducible in repeated experiments (data not shown). We should note that the effects of the Y889A and LL-871-872AA mutations in gB on viral replication in Vero cells in this study are not in agreement with the previous report of Beitia Ortiz de Zarate et al. (3) . That report showed that the Y889A mutation in HSV-1 strain KOS gB decreased both intracellular and extracellular virus production in 143B cells infected at an MOI of 5 and that the LL-871-872AA mutation in gB decreased intracellular but not extracellular virus production (3). Thus, the effects of the Y889A and LL-871-872AA mutations in gB on HSV-1 replication appeared to depend on the viral strain and cell type studied. It has been reported that HSV-1 infection induced dispersal of the Golgi apparatus and TGN in Vero cells and, to a much lesser extent, in 143B cells (10, 49, 52) . The cell type-dependent dynamics of the Golgi apparatus and TGN induced by HSV-1 infection might account for the different effects of the Y889A and LL-871-872AA mutations in gB on HSV-1 replication in the different cell types.
In the second series of experiments, mice were infected intracerebrally with recombinant viruses carrying single, double, or triple mutations in the three gB sequences or with the repaired viruses, and survival was monitored. As shown in Fig.  8 , there was significantly better survival in mice infected with We also examined the effect of the Y889A mutation on viral replication in the brain following intracerebral inoculation. In agreement with the effect of the Y889A mutation in gB on the survival of mice, the titers of YK563 (gB-Y889A) were significantly (3.7-fold) lower than those of YK565 (gB-YA-repair) ( Table 2) . Taken together, these results indicated that Tyr-889 was the only one of the three gB sequences required for efficient extracellular virus production at 12 h postinfection in Vero cells, although by 24 h postinfection, the extracellular virus titer for cells infected with a Y889A mutant virus was similar to that for cells infected with the wild-type virus. Tyr-889 was also the only one of the three gB sequences required for efficient neurovirulence in mice following intracerebral infection.
DISCUSSION
In the present study, we have further analyzed the role of HSV-1 Us3 phosphorylation of gB Thr-887, which we previously showed was required for proper expression of gB on the surfaces of infected cells (24) and for efficient viral replication and pathogenesis in the mouse HSK model (22) . The experiments reported here showed that Us3 phosphorylation of gB Thr-887 promoted the accumulation of endocytosed gB in infected cells. This conclusion was based on the observations that (i) the T887A mutation in gB impaired the accumulation of endocytosed gB in infected cells; (ii) the K220M mutation in Us3, which inactivates Us3 kinase activity without affecting the expression of Us3 protein (25) , also impaired the accumulation of endocytosed gB in infected cells; (iii) endocytosed gB-T887 P accumulated to a much greater extent than unphosphorylated gB at Thr-887; and (iv) a phosphomimetic substitution in gB Thr-887 (T887D) increased the accumulation of endocytosed gB to a level greater than that of wild-type gB, since only ϳ15% of wild-type gB was phosphorylated at Thr-887 in wildtype virus-infected cells (22) . In addition, we have demonstrated that two gB motifs (Tyr-889 and Di-Leu-871-872) mediated the downregulation of gB cell surface expression and promoted the accumulation of endocytosed gB in infected cells, based on results showing that mutations in these two gB motifs upregulated gB cell surface expression and impaired the accumulation of endocytosed gB in infected cells. Taken together, these results indicate that HSV-1 has evolved at least three sequences (Di-Leu-871-872, Thr-887, and Tyr-889) in the cytoplasmic tail of gB to regulate proper cell surface expression and intracellular transport of gB in infected cells.
Tyr-889 appeared to be of predominant importance in regulating the cell surface expression and intracellular transport of gB, based on the result that a mutation in gB Tyr-889 affected gB cell surface expression and the accumulation of endocytosed gB much more than mutations in the other two gB sequences (Thr-887 and LL-871/872). Tyr-889 was also found to be the only one of the three gB sequences required for efficient production of extracellular virions in Vero cells at 12 h postinfection, but not at 24 h postinfection, and for neurovirulence in mice following intracerebral inoculation. These results suggested that the regulation of gB intracellular transport mediated by Tyr-889 is required for efficient release of progeny virions in cell cultures and is critical for neurovirulence in vivo. To our knowledge, this is the first report showing that a typical endocytosis motif in the cytoplasmic tail of an HSV-1 envelope glycoprotein, which can be found in many herpesvirus envelope glycoproteins (8) , played a role in viral pathogenesis in vivo. However, as is usual with such mutational analyses, we cannot discount the possibility that the Y889A mutation in gB had an effect on a gB function(s) other than the regulation of gB intracellular transport shown in this study. It is interesting that, of the viruses with mutations in one or more of the three gB sequences in this study, extracellular virion production was impaired only in cells infected with viruses carrying the Y889A mutation in gB, and a decrease in neurovirulence was observed only in mice infected with viruses carrying the gB Y889A mutation. Mature virions, which acquire the final envelope, most likely at the TGN, are secreted from cells by exocytosis (17, 32, 46, 49) , and therefore, gB Tyr-889 may optimally regulate the virion secretion pathway by exocytosis from the TGN. The reduced yield of extracellular virions of recombinant viruses carrying the Y889A mutation may also in part account for their lower neurovirulence in mice. In addition, we demonstrated here that the expression of the gB-Y889A mutant on the surfaces of infected cells was significantly higher than that of the gB-LL871-872AA and gB-T887A mutants. It is well established that gB on the cell surface is a potent inducer of the immune response in vivo (5, 6, 40, 41) . In fact, it has been demonstrated that lysis of HSV-1-infected cells by natural killer cells, which play critical roles in the initial defense against herpesvirus infection in the central nervous system (29) , is correlated with cell surface expression of gB (5) . Therefore, the Y889A mutation in gB, which remarkably increases the number of gB molecules on the cell surface exposed to the immune system, may make it easier for infected cells to be recognized and attacked by the immune system in vivo, leading to a decrease in neurovirulence. We previously reported that a mutation in the Us3 phosphorylation site (Thr-887) of gB had no effect on neurovirulence in mice following intracerebral inoculation, whereas the mutation significantly impaired viral replication in the mouse cornea and the development of herpes stromal keratitis and periocular skin disease in mice following ocular infection (22) . In experimental animal models of HSV-1 infection, viral pathogenesis in sites peripheral to the initial infection site and destruction of the central nervous system caused by viral replication are semi-independent indicators of viral virulence and are tested by peripheral and intracerebral inoculation, respectively (51) . These studies suggested that Tyr-889, Thr-887, and probably Di-Leu-871-872 play distinct roles in diverse aspects of HSV-1 pathogenesis in vivo, although a role(s) for Di-Leu-871-872 and Tyr-889 in viral replication and pathogenesis in mice following peripheral inoculation remains to be determined. The expression of gB mutants on the surfaces of infected cells in this study was partially inversely related to the level of endocytosed gB accumulation, suggesting that one of the mechanisms for the downregulation of gB cell surface expression in infected cells was increased accumulation of endocytosed gB mediated by the three gB sequences. However, for some gB mutants, gB cell surface expression was not inversely related to the level of endocytosed gB accumulation in infected cells. For example, accumulation of endocytosed gB-LL871-872AA/T887A was barely detectable and much less than that of endocytosed gB-T887A/Y889A, whereas the level of cell surface expression of gB-LL871-872AA/T887A was lower than that of gB-T887A/Y889A. These observations suggested that proper expression of gB on the surfaces of infected cells was regulated not only by the efficiency of endocytosed gB accumulation but also by other intracellular trafficking events, such as gB transport to the cell membrane and gB retention in the ER, Golgi apparatus, TGN, and/or endosomes. It has been reported that a tyrosine motif in the cellular TGN38 protein functions in the promotion of both retention at the TGN and endocytosis of the protein (7) . Similarly, gB Tyr-889, which seems to be the major determinant for proper gB cell surface expression and intracellular transport among the three gB sequences, as described above, might promote gB retention at the TGN as well as gB endocytosis, thereby regulating proper gB expression on the surfaces of infected cells.
Beitia Ortiz de Zarate et al. previously investigated the roles of gB motifs Tyr-889 and Di-Leu-871-872 in the intracellular transport of gB by an indirect immunofluorescence endocytosis assay in 143B cells infected with an HSV-1 KOS strain carrying a Y889A or LL871-872AA mutation in gB (3). They demonstrated that the Y889A mutation in gB inhibited gB endocytosis in infected cells. In contrast, the LL871-872AA mutation in gB induced gB endocytosis, as observed with wild-type gB, but impaired its return to the TGN. They also reported that the LL871-872AA mutation in gB enhanced the recycling of gB to the plasma membrane in transfected COS-7 cells (4), suggesting that Di-Leu-871-872 promoted the accumulation of endocytosed gB by inhibiting the recycling of gB to the plasma membrane. These imaging analyses clearly indicated that Tyr-889 and Di-Leu-871-872 in gB regulated the intracellular transport of gB differently. In the present study, systematic analysis of mutations in the three gB sequences (Di-Leu-871-872, Thr-887, and Tyr-889) showed that double mutations in Tyr-889 and Di-Leu-871-872 produced an additive effect on the accumulation of endocytosed gB in infected cells compared to single mutations in Tyr-889 or Di-Leu-871-872. This result was in agreement with the suggestion by Beitia Ortiz de Zarate et al. that gB Tyr-889 and Di-Leu-871-872 regulated the intracellular transport of gB by different pathways (3). We also obtained similar results with double mutations in gB Di-Leu-871-872 and Thr-887, raising the possibility that Us3 phosphorylation of gB Thr-887 regulated the accumulation of endocytosed gB by a pathway different from that of Di-Leu-871-872. In contrast, double mutations in Thr-887 and Tyr-889 had no additive effect on the accumulation of endocytosed gB compared to single mutations in Tyr-889. Similarly, the phosphomimetic substitution in Thr-887 in combination with the alanine substitution in Tyr-889 showed no additive effect on the accumulation of endocytosed gB compared to a single mutation in Tyr-889 (data not shown). These observations suggested that Tyr-889 and Us3 phosphorylation of gB Thr-887 regulated the accumulation of endocytosed gB in infected cells by the same pathway or a related pathway and that Us3 phosphorylation of gB Thr-887 probably upregulated the efficiency of Tyr-889-mediated gB endocytosis. Phosphorylation of gB at Thr-887 may strengthen the interaction of Tyr-889 in gB with potential endocytosis adaptor proteins. Phosphorylation of gB Thr-887 appeared to be tightly regulated in infected cells, based on our previous report that only a fraction (ϳ15%) of gB Thr-887 was phosphorylated in infected cells (22) . Although there are other interpretations of these data with regard to the effects of double mutations in the gB sequences, these experiments suggested that the accumulation of endocytosed gB in infected cells was coordinately and tightly regulated by these three sequences and that strict regulation of gB intracellular transport is critical for the HSV-1 replication cycle. This hypothesis may explain why HSV-1 has evolved multiple sequences in the gB cytoplasmic tail that regulate the intracellular transport of gB.
It has been proposed that one of the roles of endocytosis of herpesvirus envelope glycoproteins is to recruit viral components (e.g., envelope glycoproteins) to the appropriate cellular compartment (most likely the TGN) for viral assembly (8) . In support of this hypothesis, endocytosed envelope glycoproteins from the cell surface have been demonstrated to be incorporated into herpesvirus virions (30, 39) . More recently, ultrastructural analyses using horseradish peroxidase as a fluidphase marker of endocytosis showed that the final envelopes of HSV-1 and bovine herpesvirus 1 were derived from endocytosed cell membranes (21) . In contrast, it has been reported that endocytosis-defective gE mutants were incorporated into virions as efficiently as wild-type gE (1, 48) and that inhibition of endocytosis of HCMV gB by using a dominant-negative dynamin I variant did not affect the production of infectious HCMV (23) . In the present study, the gB-LL871-872AA/T887A, gB-LL871-872AA/Y889A, and gB-LL-871-872AA/T887A/Y889A mutations, which almost abolished the accumulation of endocytosed gB in infected cells, had no effect on the incorporation of gB into virions compared to that for the wild-type virus. These results are in agreement with a previous report that PRV gB lacking the Y-based and dileucine motifs was incorporated into virions with an efficiency equal to that of wild-type gB (35 
